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Abstract.
The first detection of gravitational waves from a binary neutron star merger
(GW170817) and the accompanying electromagnetic emission has impressively
advanced our understanding of the merger process and has set some first constraints
on the macroscopic properties of neutron stars, with direct implications for the high-
density equation of state. We discuss work on neutron star mergers focusing on
the postmerger gravitational-wave emission. These studies are based on numerical
simulations of the merger and survey a large sample of candidate equations of state
for neutron star matter. The goal is to connect observables with the underlying
physics questions. This offers a way to constrain the properties of high-density matter
through the determination of neutron star radii, as inferred by an empirical relation
connecting the dominant gravitational wave frequency peak in the postmerger phase to
the radius of nonrotating neutron stars of certain mass. We clarify the physical origin
of secondary peaks and discuss a spectral classification scheme, based on their relative
strength. Observational prospects for the dominant and the secondary peaks are also
discussed. The threshold mass to black hole collapse is connected by another empirical
relation to the maximum mass and compactness of nonrotating neutron stars, which
can be derived semi-analytically. The observation of GW170817 then sets an absolute
minimum radius for neutron stars of typical masses, based only on a minimal number
of assumptions. We discuss future prospects, in light of the planned upgrades of the
current gravitational wave detectors.
1. Introduction
The very first detection of gravitational waves (GWs) from colliding neutron stars (NSs)
in August 2017 represents the most recent highlight in the field of compact objects [1].
The Advanced LIGO-Advanced Virgo network of GW instruments observed a compact
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binary merger with a total mass of 2.74 M at a distance of about 40 Mpc. Gamma rays
were detected 1.7 seconds after the merger [2–5]. Follow-up observations with optical
telescopes identified an electromagnetic counterpart about 12 hours after the GW event
close to the galaxy NGC 4993 [6–16]. This transient is called AT2017gfo. Finally, X-
rays and radio emission were detected several days after the merger [17–19]. The GW
measurement and the detection of accompanying electromagnetic emission have finally
established the link between theoretical work on NS mergers and observations. This
immediately led to some important insights.
For instance, the detection allows an estimate of the merger rate in the local
Universe [1]. Employing the redshift of the host galaxy and the measured luminosity
distance leads to an independent estimate of the Hubble constant, which is found to
be compatible with other measurements [1]. The measured GWs in combination with
detailed modeling of the signal revealed the binary masses and an upper limit on the
tidal deformability of NSs [1, 20–24]. The tidal deformability describes a “matter effect”
on the GW signal and as such constrains uncertain properties of high-density matter,
i.e. the equation of state (EoS) of NS matter. The measurement implies that nuclear
matter cannot be very stiff and that NSs with masses of about 1.35 M cannot be larger
than about 14 km, e.g. [25–27].
The exact interpretation of detected gamma rays, X-rays and radio emission in
connection with GW170817 is not yet fully clear [2–4, 12, 17–19, 28–38]. Long-term
observations provide further insights. These efforts and future events may clarify the
link between NS mergers and short gamma-ray bursts [39–42].
A wealth of observational data on NS mergers is now available and more data
may become available soon. However, simulations and theoretical studies of the merger
process are still critical, because the interpretation of these observations relies on these
theoretical models. This includes the analysis of GW detections, which links the detailed
evolution of the signal to physical properties of the merger, such as the binary masses
and the EoS of NS matter. Clearly, the importance of simulations will increase, as more
detailed observational data become available.
The properties of high-density matter, in particular the EoS around and beyond
nuclear saturation density, are only incompletely known, because of the challenges to
address the nuclear many-body problem and the corresponding nuclear interactions,
e.g. [43–46]. Moreover, it is not clear whether additional particles, e.g. hyperons, occur
at higher densities or whether even a phase transition to deconfined quark matter
takes place in NSs. As a consequence of these theoretical uncertainties, the stellar
properties of NSs are not precisely known. The stellar structure of nonrotating NSs is
uniquely determined by the EoS through the Tolman-Oppenheimer-Volkoff equations,
which describe the relativistic hydrostatic equilibrium [47, 48]. In particular, the stellar
radius for a given mass, i.e. the mass-radius relation, the tidal deformability and the
maximum mass of nonrotating NSs are not precisely known. Observational efforts to
determine stellar properties of NSs are also not fully conclusive because they typically
suffer from measurement errors and systematic uncertainties [43, 44, 49].
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Here, we will summarize our recent work that aims to understand the EoS
dependence of the GW signal by studying the impact of a sample of representative
candidate EoSs on the merger dynamics and on the emission of gravitational radiation.
By establishing a link between observable features of the GW signal and characteristics
of the EoS, a GW detection can be employed to infer or at least constrain properties
of high-density matter. Taking advantage of the correspondence between the EoS and
stellar properties, it is convenient to use stellar parameters of NSs to characterize a
given EoS. We thus directly link the GW signal with stellar properties of NSs.
This effort is not only relevant for a deeper understanding of fundamental properties
of matter, but also for the comprehension of astrophysical processes and events which are
influenced by the NS EoS such as core-collapse supernovae and NS cooling [44, 50, 51].
Many previous and current studies consider the impact of the EoS on the pre-merger
phase, i.e. on the orbital dynamics before merging, the so-called “inspiral” [1, 20–24, 52–
64]. In our studies we follow a different strategy and focus on the postmerger phase to
devise methods which are complementary to the existing approaches. We stress the
importance of developing alternative techniques to measure EoS properties. Although
GWs track the bulk motion of matter and thus represent a particularly robust messenger
of the EoS influence on the dynamics, current inspiral methods are not free of systematic
uncertainties [61]. Difficulties arise by designing a complete bank of waveform templates
which are sufficiently accurate and reliable. An alternative method for EoS constraints
is thus desirable to independently corroborate the interpretation of observational data.
Moreover, the methods laid out in this review are complementary in the sense that they
may probe regimes of the EoS which are not accessible during the pre-merger phase.
The density increases during and after merging, and thus the postmerger GW signal
may also reveal properties of the EoS at higher densities (see [65]).
We note that the goal of this review article is to summarize recent personal work,
without the intention of represeting a complete review of the field. The interested reader
is referred to [66–73] and references therein for additional reviews.
2. Merger stages and dynamics
The phase preceding the merger is called “inspiral”, where the orbital separation of the
binary continuously shrinks as a result of the emission of GWs, which reduce the orbital
energy and angular momentum. The inspiral proceeds increasingly faster because the
GW emission becomes stronger with decreasing orbital separation. In this phase, the
GW signal is essentially determined by the orbital dynamics resulting in a chirp-like
signal with an increasing amplitude and an increasing frequency. Except for the very
last phase, the inspiral can be well described by point-particle dynamics because the
orbital separation is large compared to the stellar diameter. The inspiral time τ , i.e.
the time until merging, depends on the binary masses and very sensitively on the initial
orbital separation a with τ ∝ a4. For the known binary systems, inspiral times between
∼100 Myrs and more than the Hubble time are found [74].
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A NS binary reaches a GW frequency of ∼10 Hz only a few 10 seconds before
merging, i.e. only then the system enters the sensitivity window of ground-based GW
instruments, which ranges from a few 10 Hz to a few kHz. The GW signal during the
inspiral is dominated by the so-called chirp mass Mchirp = (M1M2)3/5 / (M1 +M2)1/5
with M1 and M2 being the masses of the individual binary components. The mass ratio
q = M1/M2 with M1 ≤ M2 enters the description of the dynamics and the waveform
only at higher post-Newtonian order [75, 76]. Therefore, it has a weaker impact on the
signal, and mass-ratio effects become more pronounced in the last phase of the inspiral.
Similarly, finite-size effects influence the signal only during the very last orbits before
merging [56, 76].
Since the chirp mass dominates the GW signal, Mchirp is the parameter which is
measured with the highest accuracy in comparison to the mass ratio and the individual
masses of the binary components. See [1, 77–81] for examples. Measuring the mass ratio
is crucial to determine the physical masses of the system M1 and M2. The chirp mass
alone may provide only a coarse estimate of the total mass (see e.g. Fig. 1 in [67]). One
should bear in mind that any GW detection provides the chirp mass with very good
precision, while only for nearby mergers with high signal-to-noise ratio the individual
masses of the binary system can be determined. We wil assume that the binary masses
can be determined with the required accuracy, which is a reasonable assumption for
systems where postmerger GW emission will become detectable.
The orbital period prior to merging decreases to about 1 millisecond (the precise
value depends on the binary masses and on the EoS of NS matter), and the stars
exhibit strong tidal deformations. Because of the high orbital angular momentum, the
stars coalesce with a relatively large impact parameter. The outcome of the merging
depends critically on the binary masses and the EoS. For relatively high masses the
remnant cannot be stabilized against gravity and collapses to a black hole on a time
scale of less than ∼1 millisecond. This “prompt collapse” scenario can be distinguished
from the formation of a NS merger remnant, which occurs for lower binary masses.
The threshold between the direct formation of a black hole and the formation of a NS
remnant depends on the properties of NS matter, i.e. on the incompletely known EoS
of high-density matter.
In the case of a prompt collapse a certain fraction of matter may become
gravitationally unbound from the system, and a torus surrounding the central black hole
may form. If the merging results in a NS remnant, the central object initially consists
of a rotating, highly deformed structure that is heavily oscillating. Since the remnant is
rapidly rotating, the object can be stabilized against the gravitational collapse even if its
total mass exceeds the maximum mass of nonrotating or uniformly rotating NSs. Since
temperatures rise to a few 10 MeV, thermal pressure may contribute to the stabilization
of the remnant. In particular, during the first milliseconds after merging, matter is
ejected from the system, and a dilute halo and torus form around the central object.
Generally, the system will evolve towards a state of uniform rotation, zero temperature
and axisymmetry. Angular momentum redistribution and losses by GWs, mass ejection
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and neutrino cooling may result in a “delayed collapse” of the remnant. The life time
of the remnant can be as low as a few milliseconds and depends sensitively on the
total mass. For low binary masses the product of the merger may be a massive rigidly
rotating NS, which, however, may collapse as a result of magnetic spin-down on time
scales of many seconds to minutes. For binaries with very low masses the final object
may be stable. In all cases mass ejection continues at a lower rate by secular processes
(neutrino-driven, viscously driven, magnetically driven) either from a black-hole torus
forming after a prompt or delayed collapse or from the massive NS remnant. General
reviews on NS mergers can be found for instance in [66–70, 72]
3. Simulation tool
While the inspiral phase can be modeled by a post-Newtonian expansion or by an
effective one-body approach, the dynamical merging phase and the evolution of the
postmerger remnant can only be adequately described by hydrodynamical simulations.
This concerns in particular the merger outcome (prompt collapse, delayed collapse
or no collapse), the GW emission of the postmerger phase and the mass ejection.
The modeling of NS mergers requires a general relativistic treatment because NSs are
compact objects associated with a strong curvature of space-time. Black holes and their
formation are intrinsic general relativistic phenomena, and velocities during merging
can reach a substantial fraction of the speed of light.
We performed simulations with a general relativistic smooth particle hydrodynam-
ics code (SPH)[82–87]. Within this approach the fluid is modeled by a set of particles of
constant rest mass. The particles are advected with the flow and the hydrodynamical
quantities are evolved on the position of the particles, i.e. comoving with the fluid. This
Lagrangian formulation of hydrodynamics is particularly suitable for highly advective
problems like NS mergers. It has the advantage of focusing computational resources on
the most relevant parts of the fluid, instead of evolving large domains of an artificial at-
mosphere between and around the stars as in grid-based approaches to hydrodynamics.
The hydrodynamics scheme is coupled with a solver for the Einstein equations,
which have to be evolved simultaneously to obtain the dynamical space-time metric.
In the current implementation the metric is computed by employing the so-called
conformal flatness condition, which imposes a conformally flat spatial metric [88, 89].
This results in an approximate solution of the Einstein equations, but allows a very
efficient computation of the self-gravity of the fluid. Assuming conformal flatness of the
spatial metric however implies to explicitly neglect GWs, which are the driver of the
inspiral. Therefore, the code incorporates a post-Newtonian GW backreaction scheme
that computes corrections to the conformally flat metric and thus effectively mimics the
losses of angular momentum and energy by GWs (see [83] for details). The GW signal
is extracted from the simulations by means of a modified version of the quadrupole
formula which takes into account post-Newtonian corrections [83, 90]. Comparisons to
codes computing the full solution of the Einstein equations show a very good agreement,
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in particular considering GW frequencies [91–94]. The agreement may not be surprising,
given that the conformal flatness condition yields exact results for spherical symmetry.
The code also allows to simulate stellar matter in the presence of a black hole. To this
end a static puncture approach [95] is implemented [86, 87]. Despite the name, this
scheme allows the black hole to move and to conserve the total momentum.
To close the system of hydrodynamical evolution equations an EoS has to be
provided, which describes the state of matter. Temperatures during merging can reach
several ten MeV, and thermodynamical quantities of NS matter depend also on the
composition, i.e. the electron fraction. These thermal and compositional effects have a
substantial impact on the thermodynamical properties in NS mergers. Therefore, the
EoSs used in this work describe the pressure and the energy density as function of the
rest-mass density, temperature and electron fraction. Since NS matter involves complex
microphysical models, the EoSs are provided as tables. These models are available in
the literature (see e.g. [91, 96] for a compilation of different models employed in the
simulations). Within this work, detailed compositional changes by weak interactions
are not taken into account. Instead the initial electron fraction is advected, which may
represent a reasonable approximation, since the impact of compositional changes on the
dynamics and the GW signal are relatively small. An accurate treatment of neutrino
radiation effects is highly challenging and in any case requires certain approximations.
An approximate treatment of weak interactions is implemented in the code [97] but has
not been applied in the studies presented here.
Finally, the number of available EoS models which consistently provide the full
dependence on temperature and electron fraction, is rather limited. A larger number
of EoSs are given as barotropic relations describing NS matter at zero temperature
and in neutrinoless beta-equilibrium. Those models can be employed in the code and
are supplemented by an approximate treatment of thermal effects [84]. This approach
requires to specify a parameter Γth, which regulates the strength of the thermal pressure
contribution. By comparison to fully temperature-dependent EoS models a range for
Γth can be fixed, and the impact of this choice on the final results can be quantified [84].
Magnetic field effects are not included in the simulations but are likely to have only
a negligible impact on the bulk dynamics and hence on the GW signal and dynamical
mass ejection [98–101].
Typically, the simulations of NS mergers start a few revolutions before merging
from a quasi-circular orbit. Within the standard NS binary formation scenarios circular
orbits are expected because GW emission tends to reduce the eccentricity [74, 102].
Eccentric mergers may result from dynamical captures but are generally assumed to
be less frequent [103]. We do not consider eccentric binaries in this work. Initially,
the stars are set up with zero temperature and in neutrinoless beta-equilibrium. Also,
the intrinsic spin of the NSs is assumed to be zero because estimates have shown that
tidal locking will not occur in NS binaries [104, 105]. Generally, the intrinsic spin of
NSs is small compared to the orbital angular momentum, which justifies to assume an
irrotational velocity field.
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Figure 1. GW spectrum of the cross polarization of a 1.35-1.35 M merger described
by the DD2 EoS [106, 107] along the polar direction at a distance of 20 Mpc. The
frequencies fpeak, fspiral and f2−0 are distinct features of the postmerger phase, which
can be associated with particular dynamical effects in the remnant. The thin solid
lines display the GW spectra when the inspiral phase is ignored (with different cutoffs),
revealing that the peaks are generated in the postmerger phase. Dashed lines show the
expected design sensitivity curves of Advanced LIGO [108] (red) and of the Einstein
Telescope [109] (black). Figure from [67].
4. Dominant postmerger gravitational-wave emission
We will discuss NS merger simulations with a large, representative set of EoSs of NS
matter. The main goal of such a survey is to devise procedures to infer unknown
properties of NSs and of high-density matter from observables like the GW signal
of a NS merger. The underlying idea is that the EoS affects the dynamics of a
merger and therefore leaves an imprint on the GW signal. Whereas finite-size effects
in the late inspiral phase have already been used to set EoS constraints based on
GW170817 [1, 20, 21, 23], here we discuss a complementary approach, which is based
on the GW signal of the postmerger phase.
The most likely outcome of a NS merger is the formation of a meta-stable,
differentially rotating NS remnant. A typical GW spectrum of such a case is shown
in Fig. 1 for a NS merger of two stars with a mass of 1.35 M each. The signal is
extracted from a simulation with the DD2 EoS [106, 107]. The low-frequency part
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of the spectrum is predominantly shaped by the inspiral phase, keeping in mind that
the hydrodynamical simulations start only a few orbits before merging, which is why
the shown spectrum significantly underestimates the power at lower frequencies. In
this example, during the inspiral the GW frequency reaches about ∼ 1 kHz when the
amplitude becomes strongest and the binary system enters the merger phase. See for
instance Figs. 5 and 6 in [91] for the GW amplitude in the time domain.
The postmerger spectrum exhibits several distinct peaks in the kHz range, which
are connected to certain oscillation modes and dynamical features of the postmerger
remnant. With an appropriate windowing of the signal, these peaks can be clearly
associated with the postmerger stage. In terms of the effective gravitational wave
amplitude heff = h˜(f) ·f (where f is frequency and h˜(f) the Fourier transform), there is
a dominant oscillation frequency fpeak, which is a generic and robust feature and which
occurs in all merger simulations that do not result in a prompt formation of a black
hole. The dominant postmerger peak is observationally the most relevant feature of
the postmerger spectrum, since typically it has the highest signal to noise ratio of all
distinct postmerger features. The secondary peaks (fspiral and f2−0) will be discussed in
Sec. 9.
5. Gravitational-wave frequency-radius relations
The properties of the dominant postmerger frequency peak and, in particular, its EoS
dependence can only be assessed by means of hydrodynamical simulations. It was known
that the frequency fpeak is affected by the EoS, which was concluded from calculations
with a small number of candidate EoSs [110–113]. That fpeak depends in a particular
way on the high-density EoS was shown in [91, 114], which in turn implies that fpeak
can be employed for EoS constraints. This was shown by an extensive set of merger
simulations for a large, representative number of EoSs. This sample of candidate EoSs
covers the full range of viable EoS models in terms of their resulting stellar properties
(see Fig. 4 in [91] or Fig. 13), but excluding strong phase transitions (see [65]).
As described in Sec. 1, the binary masses of NS mergers can be obtained from
the inspiral phase. Especially for merger events which are sufficiently close to detect
postmerger GW emission, the individual masses will be determined with good precision
[1, 115, 116]. One can thus consider the EoS dependence of fpeak for fixed binary
mass configurations. We start by focusing on 1.35-1.35 M mergers and discuss
variations of the binary parameters afterwards. These systems are considered to be
the most abundant in the binary population according to observations of NS binaries
and theoretical models of the population (population synthesis) [117, 118]. A total
mass of 2.7 M is also in line with the total mass of GW170817. Small deviations from
mass symmetry do not lead to significant differences in the spectrum compared to the
equal-mass case, while a mass ratio of 0.7 has only a moderate impact (see [92]).
For a fixed binary mass configuration, the EoS dependence is determined by
investigating empirical relations between the dominant postmerger frequency fpeak and
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Figure 2. Peak frequency of the postmerger GW emission versus the radius of
nonrotating NSs with a mass of 1.35 M (left panel) and 1.6 M (right panel) for
different EoSs. These figures include only data from 1.35-1.35 M mergers. Figures
from [91], which should be consulted for the detailed nomenclature. Triangles mark
models of absolutely stable strange quark matter.
EoS properties. Stellar parameters of nonrotating NSs are uniquely linked to the EoS
through the Tolman-Oppenheimer-Volkoff equations, and properties such as NS radii
represent integral properties of a given EoS. Such EoS characteristics turn out to be
particularly suitable to describe the GW emission of NS mergers. Relating the peak
frequency fpeak of 1.35-1.35 M mergers with the radius R1.35 of a nonrotating NS with
1.35 M shows a clear correlation (see Fig. 2 and also Fig. 4 in [114] and Fig. 12 in [91]).
This relation specifically connects the radius of the inspiraling original stars with the
oscillation frequency of the postmerger remnant, an object of roughly twice the mass
of the individual stars. It is therefore plausible to explore relations between the peak
frequency fpeak of 1.35-1.35 M mergers and radii of nonrotating NSs with a higher
fiducial mass (see Figs. 9 to 12 in [91]). All these relations exhibit a scaling between
fpeak and the respective radius.
Figure 2 (right panel) shows the peak frequency as function of the radius R1.6 of a
nonrotating NS with 1.6 M for the equal-mass mergers with a total mass of 2.7 M.
The relation can be written as
fpeak =
{ −0.2823 ·R1.6 + 6.284, for fpeak < 2.8kHz,
−0.4667 ·R1.6 + 8.713, for fpeak > 2.8kHz. (1)
In [91] this relation is found to be the most accurate, when compared to relations
that employ R1.35, R1.8 or the radius Rmax of the maximum-mass configuration of
nonrotating NSs. Here, the maximum deviation of the data points from a least-square
fit is considered as figure of merit to assess the quality and accuracy of the relations.
For R1.6 the maximum scatter is less than 200 m. Note that some of these EoSs are
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Figure 3. Rescaled dominant postmerger GW frequency fpeak/Mtot as function of
the radius R1.6 of a nonrotating NS with a gravitational mass of 1.6M for different
EoSs and different total binary mass and a mass ratio of unity. Figure from [67].
already excluded by GW170817. Hence, an improved fit may be obtained by including
current information on viable EoS models.
Similar scalings between fpeak and NS radii exist also for other fixed binary masses,
e.g. 1.2-1.2 M, 1.2-1.5 M or 1.5-1.5 M mergers and a single relation, scaled by the
total mass is [67]
fpeak/Mtot = 0.0157 ·R21.6 − 0.5495 ·R1.6 + 5.5030, (2)
see Fig. 3 and Figs. 22 to 24 in [91]. See [119] for a similar rescaling but with the tidal
coupling constant.
It is understandable that the radius of a NS somewhat more massive than the
inspiraling NSs yields the tightest relation between fpeak and the radius. The reason
is that the central density of the merger remnant is higher than the central density of
the individual stars. Thus, the radius R1.6 represents the EoS better within the density
range of a merger with Mtot = 2.7 M (see also discussion and figures in [65]). On the
other hand, the evolution of the central density of the postmerger object, while typically
strongly oscillating (see Fig. 15 in [91]), remains significantly below the maximum central
density of nonrotating NSs (see also [65]), which is why the relation between fpeak and
Rmax shows a relatively large scatter.
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Higher Mtot result in higher peak frequencies. This is understandable because more
massive remnants are more compact and thus oscillate at higher frequencies. One also
recognizes that peak frequencies of high-mass mergers show tighter correlations with
radii of relatively massive NSs, while the postmerger GW emission of mergers with
lower total binary mass is well described by radii of nonrotating NSs with relatively
small masses [91]. In line with the arguments above, this observation is explained by
the different density regimes which are probed by merger remnants of different total
masses.
Finally, the qualitative behavior of the frequency-radius relations is intuitive: softer
EoSs, which lead to smaller radii of nonrotating NSs, also imply more compact merger
remnants, which oscillate at higher frequencies (see Fig. 13 in [91]). As argued in Sec. 9,
the dominant oscillation is associated with the fundamental quadrupolar fluid mode.
For nonrotating stars it is known that this mode scales with the mean density
√
M/R3
[120]. This is why for fixed-mass sequences a strong radius dependence may be expected,
keeping in mind that rapid rotation as in the merger remnant introduces significant
corrections to the oscillation frequencies of nonrotating stars [121]. Moreover, the mass
of merger remnants typically exceeds the maximum mass of nonrotating NSs, and thus
the oscillation frequencies of the remnant cannot be directly connected to oscillation
modes of a nonrotating NS of the same mass. The corrections by rotation and the
extrapolation to higher masses are, however, likely to depend in a continuous manner
on the EoS, which may then explain the observed relations. A detailed investigation of
oscillation modes of differentially rotating merger remnants is still to be developed.
6. Radius measurements and EoS constraints
The importance of these empirical correlations lies in the possibility to use them for
a NS radius measurement when fpeak has been extracted from a GW observation. A
measured peak frequency can be converted to a radius measurement by means of the
frequency-radius relation. The maximum scatter in the relation should be taken into
account as part of the systematic error of this measurement. A priori it is not clear
how well the true EoS of NS matter follows the empirical correlation, which is built on
basis of a set of viable candidate EoSs. However, if this sample of EoSs includes the
most extreme models which are considered to be compatible with current knowledge,
one may expect that the maximum deviation in the relation provides a conservative
estimate of the systematic error of the frequency-radius inversion. In this context, it is
worth mentioning that even absolutely stable strange quark stars [122, 123] follow the
frequency-radius relations (triangles in Fig. 2, see also Figs. 9 to 12 in [91]). Given the
significant qualitative differences between EoSs of absolutely stable quark matter and
EoSs of hadronic NSs, the tight scaling between the dominant GW oscillation frequency
and radii of nonrotating NSs represents a very robust correlation.
In [65] an observable imprint of a first-order hadron-quark phase transition at
supranuclear densities on the gravitational-wave emission of neutron star mergers was
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Figure 4. Dominant postmerger GW frequency fpeak as function of the radius R1.6 of
a nonrotating NS with 1.6M for 1.35−1.35M binaries. The DD2F-SF model (which
exhibits a strong, first order phase transition to quark matter) is shown by a green
symbol. Asterisks mark hyperonic EOSs. The solid curve provides a second-order
polynomial least squares fit to the data (black symbols, excluding DD2F-SF). Models
incompatible with GW170817 are not shown. Figure from [65].
identified. Specifically, the dominant postmerger GW frequency fpeak may exhibit a
significant deviation from the empirical relation between fpeak and the radius R1.6, see
Fig. 4 if a strong first-order phase transition leads to the formation of a gravitationally
stable, extended quark matter core in the postmerger remnant. A similar deviation
exists if fpeak is considered as a function of the tidal deformability of 1.35M neutron
stars, see Fig. 3 in [65]. Such a shift of the dominant postmerger GW frequency
compared to the tidal deformability measured from the inspiral could be revealed by
future GW observations, which would provide evidence for the existence of a strong first-
order phase transition in the interior of neutron stars‡. Note, however, that depending
on the exact properties of the phase transition the impact on the merger dynamics and
the GW signal might be significantly different, e.g. [124].
Similar to the frequency-radius relations, one can also explore the dependence of
fpeak on other EoS characteristics. Examples are shown in [91] in Figs. 19 to 20 revealing
‡ In this case the empirical relation between fpeak and R1.6 would provide a firm lower bound on NS
radii.
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an approximate scaling between fpeak and the maximum central energy of nonrotating
NS or the speed of sound at 1.85 times the nuclear saturation density. The relation
between the peak frequency and the pressure at 1.85 times the nuclear saturation density
is particularly tight. Based on this finding the pressure at this fiducial density may be
determined with a precision of about 10 per cent. This result may not be surprising
given that NS radii are known to scale with the pressure at densities beyond saturation
[125].
Asymmetric binaries lead to peak frequencies which are very similar to the dominant
oscillation frequency of the equal-mass merger with the same total mass. This is not
surprising because the oscillation frequency is determined by the stellar structure of the
merger remnant, which is predominantly affected by the total mass and to a smaller
extent by the mass ratio of the progenitor stars. Ref. [67] shows a frequency-radius
relation for a fixed chirp mass but varied mass ratio. The relatively tight correlation
implies that a frequency-to-radius conversion is possible even if no information on the
mass ratio is available but only an accurately measured chirp mass. Finally, the same
study shows that the intrinsic spin of the progenitor stars has only a negligible impact
on fpeak (see Fig. 15 in [67]). The small influence of intrinsic rotation is somewhat in
conflict with an apparently larger effect seen in [126], but is fully in line with other
studies [127, 128]. Physically, a small impact of the initial spin makes sense given that
the orbital angular momentum of the binary provides the majority of angular momentum
of the remnant.
The existence of peak frequency-radius relations for other fixed binary masses and
the relative insensitivity to the mass ratio or the intrinsic spin is an important finding
for the actual application of these relations to radius measurements. As previously
mentioned the total mass can be determined relatively well from the inspiral GW signal,
while the mass ratio and the intrinsic spin are more difficult to measure. After a GW
detection, a peak frequency-radius relation has to be constructed based on simulation
data for the corresponding binary parameters deduced from the inspiral phase.
7. Gravitational-wave data analysis and detections
The existence of the empirical relations described above has been confirmed and
has triggered a lot of follow-up work by other groups, e.g. [92–94, 100, 119, 129].
Moreover, it has motivated efforts to devise GW data analysis strategies for measuring
fpeak [130–135]. A search for postmerger GW emission has been conducted for
GW170817 employing also waveforms from the original studies presented above [136].
No statistically relevant detection was reported, which, however, is expected considering
the distance of GW170817 and the current sensitivity of the existing GW detectors. The
instruments will reach their design sensitivity within the next years, which implies that
a measurement of fpeak may be within reach if a GW event at a distance similar to the
one of GW170817 is detected [135].
In [130] an unmodeled burst search algorithm has been employed to recover our
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simulated waveforms which were injected in real recorded detector data containing only
noise rescaled to the anticipated design sensitivity. This first study showed that a
morphology-independent algorithm is able to measure the peak frequency fpeak with an
accuracy of about 10 Hz at distances of ∼4− 12 Mpc with second-generation detectors.
Thus, the statistical error in a radius measurement through fpeak should be expected to
be small.
A more sensitive search can be devised by making certain assumptions about the
signal morphology. For instance, in [131] we consider a set of simulations to test
the performance of a principal component analysis of candidate waveforms. Such an
approach results in a detection horizon of 24 to 39 Mpc at design sensitivity of second-
generation detectors, which is (given the GW170817 detection), within the regime where
postmerger GW measurements become conceivable.
Another method largely independent of assumptions about the signal morphology
is based on a decomposition in wavelets [133]. This method was updated in [135], by
including the available information from the pre-merger part of the signal. The main
conclusion is that if a signal of similar strength to GW170817 is observed when the
second-generation detectors have been improved by about 2 - 3 times over their design
sensitivity in the kHz regime, then it will be possible to extract the dominant frequency
component of the postmerger phase (with further improvements and next-generation
detectors the subdominant frequencies will also be detectable). Thus, postmerger signals
could be brought within our reach in the coming years, given planned detector upgrades,
such as A+, Voyager, and the next-generation detectors.
Note that a first assessment of GW data analysis aspects of the postmerger
phase has been presented in [91], using a Fisher information matrix. While a Fisher
information matrix approach is not fully applicable in the low signal-to-noise ratio
regime, the resulting accuracy and detectability inferred from this method are roughly
consistent with the aforementioned more sophisticated methods. Further GW data
analysis methods are continued to be developed, for example approaches that combine
signals from several events to increase the overall sensitivity [132, 134] and approaches
where where a hierarchical model is trained on numerical-relativity simulations [137].
The previous and ongoing work on GW data analysis methods marks the last
component of a complete pipeline for the measurement of NS properties through
postmerger GW emission. We remark that the total error of the measurement includes
a statistical error from the fpeak determination and systematic errors. The latter include
the maximum scatter in the frequency-radius relation for the measured binary mass and
an uncertainty associated with the simulations, which rely on certain assumptions and
approximations. A more precise determination of the latter contribution is a task for
the future. Overall, oscillation frequencies represent a rather robust bulk property of
merger remnants, since they are essentially determined by the stellar structure. The
total error of a radius measurement through the postmerger GW emission will be on
the order of a few hundred meters [91, 131]. The robustness and the complementarity
of our method in comparison to inspiral methods relies on the fact that it does not
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Figure 5. Left panel: Dominant postmerger GW frequency fpeak as function of the
total binary mass Mtot for different EoSs and equal-mass mergers. Different EoSs are
distinguished by different solid lines. The highest frequency f threspeak for a given EoS is
highlighted by a cross. The dashed line approximates the dependence of f threspeak on the
maximum binary mass Mstab which still produces an (at least transiently) stable NS
merger remnant. Right panel: Dominant GW frequency f threspeak of the most massive NS
merger remnant as a function of the radius Rmax of the maximum-mass configuration
of cold, nonrotating NSs for different EoSs (crosses). The diagonal solid line is a least-
square fit to f threspeak (Rmax). Circles denote the estimated values for f
thres
peak determined
entirely from GW information from low-mass NS binary mergers (see text). Figures
from [96].
require a detailed understanding of the phase evolution of the GW signal. Therefore,
our method for NS radius measurements provides an interesting alternative to existing
approaches based on the late inspiral phase. Finally, to quantify the prospects for a
detection of fpeak the exact damping behavior of the postmerger GW signal has to be
investigated in more detail.
8. Further EoS constraints
Measuring postmerger GW emission and determining the peak frequency clearly
represents a challenge because a relatively loud signal is required. However, a single
detection suffices to yield a robust radius measurement. Interestingly, even more
stringent EoS constraints can be obtained if several detections of postmerger GWs
succeed, which may be possible with the current generation of ground-based GW
instruments for a sufficiently long observing time.
Figure 5 (left panel) displays the peak frequency as function of the total binary mass
for different EoSs considering only equal-mass mergers. Each solid line corresponds
to one particular EoS model. For a given EoS the dominant postmerger oscillation
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frequency increases continuously with the mass of the binary, which is expected since the
compactness of the remnant increases with mass. Notably, in this diagram all sequences
of the different EoSs terminate approximately on one particular curve (big crosses). This
curve (dashed broken line) indicates the proximity to the threshold for prompt black-
hole formation. Beyond this threshold no significant postmerger gravitational radiation
is produced because the remnant directly collapses to a black hole. Consequently, no
fpeak can be measured. At the binary masses marked by big crosses the merger remnants
are transiently stable and emit GWs for at least a short period. These binary masses
are denoted as Mstab as the highest binary mass which leads to a transiently stable NS
remnant§. The corresponding dominant frequency at Mstab is f threspeak . The frequency
f threspeak is the highest possible peak frequency that can be produced by a NS remnant.
Determining f threspeak and Mstab can provide additional constraints on the NS EoS
that are detailed below and in Chapter 12. Generally, an object on the brink to prompt
collapse probes the very high density regime of the EoS. However, depending on the
true value of Mstab a direct detection of f
thres
peak may or may not be likely. Observations
of binary NSs suggest that most mergers have a total binary mass of about 2.7 M (see
[49, 117] for a compilation). If this result holds for the population of merging NSs, a
binary merger with a total mass close to Mstab may be statistically less probable. In
[ADD REF] we proposed to employ two or more detections of fpeak of mergers with
slightly different binary masses in the most likely range of Mtot around 2.7 M. These
measurements allow to estimate f threspeak and Mstab. This idea is based on the observation
that fpeak(Mtot) depends in a continuous manner on Mtot. Hence, two data points on
the fpeak(Mtot) curve allow an extrapolation to higher Mtot. Using a properly devised
extrapolation procedure, one can determine f threspeak and Mstab, which are given by the
intersection of the extrapolated fpeak(Mtot) curve and the dashed curve in Fig. 5 (left
panel). For details of this extrapolation method see [96].
Estimating f threspeak is important because the highest possible peak frequency,
i.e. f threspeak , exhibits a tight correlation with the radius Rmax of the maximum-mass
configuration of nonrotating NSs. This relation is visualized in Fig. 5 (right panel,
Fig. 8 in [96]). Moreover, f threspeak scales also with the maximum central rest-mass density
of nonrotating NSs or the maximum central energy density of NSs (see Figs. 9 and 10
in [96]). An inversion of these relations determines these properties of nonrotating
NSs similar to the radius measurements described above. For instance, the maximum
densities in NSs can be estimated with a precision of about 10 per cent if f threspeak is
determined. An estimate of Mstab is particularly interesting because in combination
with a radius measurement (see above) it provides a proxy for the maximum mass
Mmax of nonrotating NSs. Further details‖ are provided in Sec. 12. This may allow
to determine Mmax with an accuracy of ±0.1 M. The resulting EoS constraints are
visualized in Fig. 6 illustrating the precision to which stellar parameters of NSs may be
§ Note that we use a slightly different nomenclature in [96]. Mstab corresponds to Mthres in [96].
‖ In Sec. 12 we discuss the threshold binary mass Mthres for prompt collapse, which by definition is
close to but slightly above Mstab.
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Figure 6. Mass-radius relations for different EoSs with the radius R and the
gravitational mass M . Boxes illustrate the maximum deviation of estimated properties
of the maximum-mass configuration, which can be inferred from GW detections of low-
mass binary NS mergers through an extrapolation procedure described in the text. The
error bars indicate the accuracy of a radius measurement of a 1.6 M neutron star.
Figure from [96].
determined.
In summary, the procedures developed in [67, 91, 96, 114, 130, 131, 133] describe
a way to determine stellar properties of NSs with high and moderate masses. As such,
they provide a way to assess the very high density regime of the EoS, which cannot be
probed by observing NS with lower masses. Since NSs with very high masses may be less
frequent (see e.g. [49] for a compilation of measured masses), postmerger methods offer
a unique way to understand properties of matter at the highest densities. We consider
this one of the main advantages of detecting GWs from the postmerger phase of BNS
mergers.
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9. Origin and interpretation of peaks in postmerger gravitational-wave
spectra
The GW spectrum of the postmerger phase of a NS merger exhibits many distinct peaks,
e.g. [67, 92–94, 100, 127, 129, 131, 138–142]. Understanding the physical mechanisms
generating these different features is essential for the detection and interpretation of
postmerger GW signals. GW searches are more sensitive if additional information
about the signal to be detected is available, for instance the general signal morphology.
Therefore, it is important to comprehend the origin and the dependencies of the different
structures of the postmerger GW spectrum. Moreover, the detection of several features
of the postmerger phase bears the potential to reveal further detail of the incompletely
known EoS of high-density matter beyond the constraints that can be obtained from a
measurement of the dominant peak that we discussed extensively in Sec. 4.
Here, we discuss the nature of the dominant peak fpeak and explain the origin of
the two most pronounced secondary peaks at lower frequencies, which we call f2−0 and
fspiral. Observationally, only the secondary peaks at frequencies smaller than fpeak are
relevant, because the sensitivity of ground-based GW detectors decreases significantly
at higher frequencies. Our findings are funneled into a unified picture of the postmerger
dynamics and GW emission by considering a large number of merger simulations with
different EoSs and binary masses. We focus on equal-mass mergers and remark that
small asymmetries lead to very similar results. The detailed impact on the secondary
features of a strong asymmetry in the two masses still has to be worked out.
A powerful method for analyzing oscillation modes of rotating stars, based on a
Fourier extraction of their eigenfunctions from simulatin data, was presented in [144].
In [138] we applied this method for the first time to NS merger remnants. Figure 7
elucidates the nature of the dominant feature in the postmerger GW spectrum by
visualizing the eigenfunction of the mode with frequency fpeak (cf. Fig. 1). The
eigenfunction is extracted as follows: First, a Fourier analysis of the evolution of pressure
on a grid of fixed points covering the equatorial plane is performed (see Fig. 3 in [138];
alternatively the density evolution may be employed). Examining the Fourier spectra at
the dominant frequency fpeak reveals that it is a discrete frequency throughout the star.
Then, the Fourier amplitude at all points in the equatorial plane is extracted at the
discrete frequency fpeak. The resulting two-dimensional distribution of the amplitude
represents the eigenfunction of this oscillation mode (the overall scaling is irrelevant,
since the eigenfunctions are strictly defined as linear perturbations). An example is
shown color-coded in Fig. 7 (left panel), which shows a clear quadrupolar structure
(with an azimuthal mode number m = 2) with no nodal lines in the radial direction.
This analysis provides evidence that the main peak in the GW spectrum is generated by
the fundamental quadrupolar fluid mode. By extracting the amplitude of the pressure
oscillations at other frequencies, several other modes can be identified and associated
with certain peaks in the GW spectrum or in the spectrum of the pressure evolution.
This includes higher-order modes and quasi-radial oscillations (see Figs. 1 to 8 in [138]).
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Figure 7. Left panel: Illustration of the eigenfunction of the pressure oscillation with
a frequency f = fpeak in the equatorial plane for a 1.35-1.35 M merger with the Shen
EoS [143]. Figure taken from [138]. Right panel: GW spectrum of a 1.35-1.35 M
merger with the DD2 EoS [106, 107] (black line). The green dashed curve shows the
GW spectrum of a simulation of a late-time merger remnant of the same model which
was perturbed with a velocity field suitable to excite the fundamental quadrupolar
fluid oscillation mode. Figures from [67].
The above result is corroborated by additional hydrodynamical simulations of the
late-time remnant, which settled into a quasi-stationary, nearly axisymmetric state. If
an appropriate velocity perturbation is artificially added to the simulation at late times,
one can specifically re-excite the fundamental quadrupolar fluid mode. Doing so, the
perturbed remnant produces GW emission that strongly peaks at fpeak (see right panel
of Fig. 7). This means that the frequency of the fundamental quadrupolar fluid mode of
the remnant coincides with fpeak. This provides further evidence that the main peak in
the postmerger GW spectrum is generated by the fundamental quadrupolar fluid mode.
Considering the dynamics of the merger process, it is clear that the fundamental
quasi-radial mode of the remnant is likely to be excited at a frequency which we denote
as f0. Being nearly spherically symmetric, the quasi-radial mode produces only weak
GW emission (normally at a frequency where the spectrum is still dominated by the
inspiral phase). However, a non-linear coupling between the quasi-radial oscillation and
the quadrupolar mode does emit strong GWs and explains some of the secondary peaks.
At the lowest nonlinear interaction level, the coupling of the two modes results in the
appearance of quasi-linear combination frequencies f2±0 = fpeak ± f0. Notice that the
existence of such quasi-linear combination frequencies is a natural consequence of the
nonlinear evolution of two different, simultaneous oscillations of the same star¶ see e.g.
¶ In signal processing, the quasi-linear combination frequencies are an example of second-order
intermodulation products, e.g. [145]. In music theory, these were first described by Sorge in 1745
and by Tartini in 1754 and are known as Tartini tones, generated by nonlinearities, see [146].
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Figure 8. Rest-mass density evolution in the equatorial plane for the 1.35-1.35 M
merger with the DD2 EOS [106, 107] (rotation counterclockwise). Black and white
dots trace the positions of selected fluid elements of the antipodal bulges, which within
approximately one millisecond complete one orbit (compare times of the right panels).
The orbital motion of this pattern of spiral deformation produces the fspiral peak in
the GW spectrum at 2 kHz (see Fig. 1). The cross and the circle mark the double
cores, which rotate significantly faster than the antipodal bulges represented by the
dots (compare times of the different panels). Figures from [140].
[147].
To associate certain features in the GW spectrum with this mechanism, one needs
to identify the quasi-radial mode f0 from the hydrodynamical evolution, using the same
Fourier technique as described above. It is also instructive to consider the time evolution
of the central lapse function or the central density, which typically oscillate strongly
and reflect the quasi-radial oscillation of the remnant (see e.g. Fig. 4 in [140] or Fig. 10
in [67]). Adding an artificial radial perturbation to the late-time remnant re-excites
the quasi-radial mode and allows an unambiguous identification of the quasi-radial
frequency f0 in cases when the Fourier transform of the central lapse function exhibits
two frequency peaks (see Fig. 10 in [67]).
Once the f0 mode and fpeak are determined, the corresponding secondary peaks
at f2±0 = fpeak ± f0 can be identified in the GW spectrum. For example, in the GW
spectrum shown in Fig. 1 the f2−0 feature is clearly visible at 1.5 kHz. The corresponding
side peak at higher frequencies can be found at about 3.7 kHz. Remarkably, in some
models the peaks at fpeak ± f0 are strongly suppressed or even absent (see blue curve
in Fig. 9 (left panel)). In these systems the quasi-radial mode is not strongly excited,
which then results in a suppression of the peaks at f2±0 (see also blue curve in Fig. 4
of [140]). This occurs predominantly for binary mergers with relatively low total binary
masses and relatively stiff EoSs. On the other hand mergers with relatively high total
binary masses and soft EoSs typically result in a strong excitation of the quasi-radial
oscillation and consequently show a pronounced secondary peak at fpeak − f0 (see red
curve in Fig. 9 (left panel) and Fig. 4 of [140]).
Having identified those secondary peaks that can be interpreted as the quasi-linear
combination frequencies f2±0, it becomes apparent that there is at least one more
pronounced secondary peak at frequencies below fpeak. This feature lies in between
f2−0 and fpeak, see Fig. 1 and left panel of Fig. 9. In [140] we provide evidence that
Spectral classification and EoS constraints in binary neutron star mergers 21
this secondary peak is generated by the orbital motion of two bulges that form right
after merging at the surface of the merger remnant (see Fig. 8). During the merging
the stars are strongly tidally deformed. Matter of this tidal deformation at the outer
edges of the stars cannot follow the faster rotation of the cores of the original stars
that constitute the inner part of the remnant. The material at the outer edges of the
tidally stretched stars forms antipodal bulges, which orbit around the central remnant
with a smaller orbital frequency (see dots in Fig. 8). The structure dissolves within a
few milliseconds, i.e. after about two revolutions. Because of the spiral-like pattern of
the associated deformation in the case of equal-mass mergers (see upper right panel in
Fig. 8), we dubbed this feature in the GW spectrum as fspiral.
The following arguments support this picture. Extracting the orbital period of
the bulges from the simulation data, the corresponding orbital frequency coincides with
fspiral/2. For instance, in Fig 8 one orbit of the bulges is completed after about 1 ms
(compare upper right and lower right panel), which would thus produce a peak at 2 kHz
as seen in the GW spectrum (Fig. 1). No other dynamical feature with this frequency
can be identified in the hydrodynamical data. In particular, the highly deformed core of
the remnant has a faster pattern speed than this. With an appropriate windowing of the
GW signal, one can show that the fspiral feature in the GW spectrum is produced within
the first milliseconds after merging and thus coincides with the presence of the tidal
bulges in the hydrodynamical data. From the hydrodynamical simulations the mass of
the bulges can be estimated to amount to about 0.1 M each. Within a simple toy
model of two rotating point particles of 0.1 M with an orbital frequency of fspiral/2,
a GW peak with the observed amplitude is produced within a few orbits as seen in
the simulations. Furthermore, it is found that the fspiral feature is more pronounced in
mergers with relatively low total binary masses and relatively stiff EoSs. This behavior
is understandable because lower Mtot and stiff EoSs imply less bound stars, which favors
the formation of massive tidal bulges.
Interestingly, the frequency difference fpeak − fspiral matches a frequency which is
found in the time evolution of the central lapse function, but which does not agree
with the frequency of the fundamental quasi-radial mode (see above and Fig. 4 in
[140]). This low-frequency modulation is very pronounced for low-mass NS mergers
with relatively stiff EoSs (blue curve in Fig. 4 in [140]). This modulation is naturally
explained by the orientation of the bulges relative to the pattern of the quadrupolar
deformation of the core. The orientation clearly affects the compactness of the whole
system (lower compactness for aligned configuration, higher compactness for orthogonal
configuration) and thus leaves an imprint on the evolution of the lapse function. The
same low-frequency modulation can be observed in the time evolution of the central
density and the GW amplitude of the postmerger phase.
Spectral classification and EoS constraints in binary neutron star mergers 22
1 2 3 4
10−22
10−21
10−20
f [kHz]
h e
ff,
x(2
0 M
pc
)
f2−0
f
spiral
fpeak
adLIGO
ET
 
 
Type I
Type II
Type III
10 11 12 13 14 150
0.5
1
1.5
2
2.5
3
R [km]
M
 [M
su
n]
 
 
Type I
Type II
Type III
Figure 9. Different types of postmerger dynamics and GW emission of different
merger models. Left panel shows GW spectra of the different types. Right panel
surveys a large sample of simulations. The outcome of a given calculation with a
binary mass Mtot is shown as a symbol at Mtot/2 plotted on the mass-radius relation
of the EOS employed in the respective simulation. Red squares indicate type I, black
crosses stand for type II, and blue circles mark type III. See text for definitions of
different types of postmerger dynamics and GW emission. Figures from [140].
10. Spectral classification scheme
Based on the understanding of the physical origin of the secondary GW peaks f2−0 and
fspiral, an inspection of GW spectra of a large set of representative simulations leads to
the following unified picture of the postmerger dynamics and GW emission, where one
can distinguish three types of spectra and corresponding postmerger dynamics (notice
that the dominant fpeak is present in all cases).
• Type I: The f2−0 peak is the strongest secondary feature, while the fspiral peak
is suppressed or hardly visible. The time evolution of the central lapse function
and the maximum density show a very clear and strong oscillation with a single
frequency f0, which corresponds to the fundamental quasi-radial mode of the
remnant. This behavior is found for mergers with relatively high total binary
masses and soft EoSs. In these cases, the individual neutron stars before merger
are more compact and stronger bound, and the collision occurs with a high impact
velocity (see Fig. 3 in [148]) since the inspiral lasts somewhat longer. Consequently,
the quasi-radial mode is strongly excited, leading to a pronounced f2−0 feature,
whereas the formation of tidal bulges is suppressed because of the stronger binding,
which explains the weakness of the fspiral peak.
• Type II: In this spectral type, both secondary feature f2−0 and fspiral are clearly
present and have roughly comparable strength. Moreover, the time evolution of the
central lapse function and of the maximum density exhibit two main frequencies:
the fundamental quasi-radial mode f0 and a modulation with fpeak − fspiral as
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explained above (see e.g. Fig. 10 in [67]). These features of the GW emission
and postmerger dynamics are observed for followning combination of parameters:
very low masses and soft EOS; average masses and EoS of average stiffness; high
masses and stiff EoS.
• Type III: Low-mass mergers in particular with stiff EoSs produce GW spectra
where the fspiral feature is the most prominent secondary peak, whereas a peak
at f2−0 is either strongly suppressed or even absent. The time evolution of the
central lapse function and the maximum density are dominated by the fpeak−fspiral
modulation. This frequency is also visible as a modulation in the amplitude of the
postmerger GW signal. These observations are readily explained by the merging
of less compact NSs. The merger process proceeds in a relatively smooth manner
with a relatively small impact velocity in comparison to Type I mergers. Therefore,
the quasi-radial oscillation of the remnant is not strongly excited and thus hardly
visible in the time evolution of the central lapse function. This weaker excitation of
the quasi-radial mode also explains the absence of the f2−0 peak. The smaller
NS compactness favors the formation of massive tidal bulges and thus a very
pronounced fspiral peak.
Figure 9 (right panel) illustrates the classification of postmerger spectra from
different simulations according to the classification scheme presented above. The
type of a merger with a given EoS and Mtot is displayed on the mass-radius relation
of the employed EoS (using the mass of the individual binary components, i.e. at
M1 = M2 = Mtot/2). The diagram clearly visualizes the existence of the different
types depending on the NS compactness and the total binary mass, as described above.
We stress that for a given EoS different spectral types may occur, depending on the
total mass of the binary: Type I for mergers with binary masses close to the threshold
mass for prompt black-hole formation, Type II for mergers with intermediate Mtot, and
Type III for mergers with relatively low total binary mass. The terms “relatively high”
or “relatively low” total binary mass are meant with respect to the EoS-dependent
threshold binary mass for prompt collapse. Thus, the association of a given Mtot as
being relatively high or low depends on the EoS. In any case, the classification of a given
GW spectrum according to these criteria is only tentative as the transition between the
different classes is continuous.
In the range of total masses 2.4M ≤ Mtot ≤ 3.0M, the secondary peaks
appear in distinct frequency ranges: fpeak − 1.3kHz ≤ fspiral ≤ f2−0 − 0.9kHz, while
fpeak − 0.9kHz ≤ fspiral ≤ fpeak − 0.5kHz. This property will be useful for identifying
either f2−0 or fspiral (or both) in future GW observations.
We should note that for asymmetric mass ratios of q ∼ 0.7 the above classification
scheme has to be modified, to accommodate for the somewhat different postmerger
dynamics with respect to the equal-mass case (for example, in such asymmetric cases
the tidal deformation will not be a symmetric spiral and this will considerably weaken
the fspiral secondary peak).
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11. EoS dependence of secondary gravitational-wave peaks
Similar to the dominant postmerger GW frequency, the frequencies of the secondary
peaks in the GW spectrum depend in a particular way on the EoS. This is important
because a measurement of these frequencies could provide additional information on the
high-density EoS. However, one should keep in mind that these frequencies are more
difficult to be detected, because the secondary peaks typically have smaller signal-to-
noise ratio, in comparison to the main peak. Moreover, the secondary peaks can be
relatively broad, which may lead to larger errors in there determination, as compared
to the dominant peak at fpeak.
Following a similar strategy as for the main peak, we explore relations between the
frequencies of the subdominant peaks and stellar properties of nonrotating NSs. Since
binary masses can be assumed to be measured sufficiently well from the insprial GW
signal, we focus on sets of simulations for fixed binary masses. Figure 10 (left panel)
shows the three characteristic postmerger GW frequencies fpeak, fspiral and f2−0 for 1.35-
1.35 M mergers for different EoSs as a function of the compactness C = GM/c2R of
nonrotating NS with 1.35 M. Note that for fixed masses the NS compactness is fully
equivalent to NS radii, which are used in Sec. 4 to characterize fpeak. There is a clear
hierarchy of the GW frequencies as follows: fpeak > fspiral > f2−0. Figure 10 also reveals
that all frequencies scale in a similar way with the compactness. Simulations with EoSs
which lead to more compact NSs, yield higher frequencies. This may not be unexpected
given the physical mechanisms forming these different features. Moreover, we found in
[140] that very similar scalings with the compactness exist also for other fixed binary
masses, e.g. 1.2-1.2 M and 1.5-1.5 M mergers (see Figs. 7 and 8 in [140]).
Our study has also clarified whether a universal mass-independent relation for a
single subdominant peak exists as claimed in [93, 139, 141]. In those publications, no
distinction between the two different secondary peaks was made. Their claimed relation
is shown as dashed curve in Fig. 10 (left panel) and clearly does not reproduce the full
spectrum of secondary peaks in the GW spectrum. In the light of our findings it seems
likely that their claimed universal relation describes selectively either f2−0 or fspiral in
different regions of compactnes. For lower NS compactnesses fspiral is dominant, whereas
EoSs leading to more compact NSs yield a relatively pronounced f2−0 peak fully in line
with the unified picture described above (Sec. 10, Ref. [140]). Thus, [139] may have
picked selectively the strongest secondary peak, which however is clearly ambiguous
in cases where both subdominant features have comparable strength (Type II in our
classification scheme). In those cases, using a single universal relation for secondary
peaks is certain to fail. Based on our simulations with a larger set of candidate EoSs
we thus do not confirm the existence of a universal relation. Importantly, the claimed
relation does not reproduce the full data for different binary masses if Mtot varies within
a representative range between 2.4 and 3.0 M (see dashed curves in Figs. 7 and 8 in
[140]). Instead of following a single mass-independent relation (as claimed in [139]) our
set of simulations clearly shows that the secondary frequencies fulfill different scalings
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Figure 10. Left panel: fpeak, fspiral and f2−0 for equal-mass mergers with ten different
EoSs and Mtot = 2.7 M versus the compactness GMc2R of nonrotating NSs with a
mass of M = 1.35 M. Solid lines show empirical relations. The dashed line is taken
from [139]. Figure taken from [140]. Right panel: Secondary frequencies f2−0 (circles)
and fspiral (squares) as function of the dominant postmerger GW frequency fpeak for
1.35-1.35 M mergers with different EoSs. Figure taken from [131].
with the NS compactness for different fixed binary masses. We emphasize that there is no
conflict between the data of the different groups for specific binary setups. The different
findings are a result of the different sets of simulated binary setups (EoSs, Mtot). Our
findings are based on a larger set of candidate EoSs and assumed masses. The overview
panels in [141] showing GW spectra of different simulations are fully compatible with
our picture: The overplotted frequencies of the secondary peaks as predicted by the fit
formulas in [140] agree remarkably well with these independent calculations taking into
account that the different empirical relations for f2−0 and fspiral exhibit a sizable intrinsic
scatter (see Fig. 10) and that [141] employed a different set of EoSs where temperature
effects have been treated in an approximate manner for most models.
We also rule out the interpretation of the secondary GW peaks being produced
by a single instantaneous GW frequency, which strongly varies in time, as proposed in
[93, 127]. Within this picture the different secondary peaks are claimed to be produced
at the different extrema of the instantaneous GW frequency. We do not follow this
interpretation for three reasons. First, spectrograms show no evidence for a very strong
time variation of a single frequency but instead clearly reveal the presence of several
distinct frequencies (see [131]). Second, the idea is in conflict with the fact that a Fourier
transform of only the early postmerger signal is dominated by the peak at fpeak. This is
not expected if power in the spectrum accumulates predominantly at the extrema of the
instantaneous GW frequency. Third, this interpretation has not been corroborated by
quantitative arguments as in our analysis described above. In fact, the hydrodynamical
simulation data do not exhibit any dynamical feature that would be compatible with
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the claimed mechanism of a rapidly changing single (orbital) frequency of the remnant.
Instead, a strongly varying instantaneous GW frequency is naturally explained as a
synthesis of several slowly-varying distinct frequencies, each of which has a different
physical origin, as explained above.
Finally, it is instructive to plot the frequencies of the secondary peaks as function
of fpeak as in Fig. 10 (right panel). The frequencies fspiral and f2−0 scale tightly with
the dominant frequency, which implies that the different frequencies encode very similar
information about the EoS. On the other hand, these scalings explain why GW spectra
show a certain universality (see discussion and Fig. 5 in [131] and Fig. 2 in [149]).
These findings finally provide an explanation why a principal component analysis can
be successfully employed for GW data analysis [131]. Moreover, the understanding of
the different mechanisms shaping the postmerger GW signal can be funnelled into an
analytic model that is able to reproduce simulation data very well (see Figs. 12 to 14 in
[67]).
12. Collapse behavior and EoS constraints
The dynamics and the outcome of a NS merger are mostly determined by the binary
mass and the assumed EoS. After describing the postmerger GW emission, we discuss
now the collapse behavior of NS mergers, i.e. the distinction between a prompt black-
hole collapse and the formation of an at least temporarily stable NS merger remnant.
A NS merger remnant may or may not form a black hole after a dynamical or secular
postmerger evolution. Several physical mechanisms act to potentially induce a “delayed
collapse” such as GW emission, mass loss, angular momentum redistribution, neutrino
cooling and magnetic spin down. Here, we do not further distinguish between a delayed
or no collapse, keeping in mind that the determination of the lifetime of a NS merger
remnant and its long-term evolution is very challenging, because all mentioned physical
effects have to be adequately modeled. Such efforts are in particular limited by available
computational power. Also, it may be difficult to measure the exact lifetime in an
observation.
Considering the occurrence of a prompt black-hole collapse is interesting, because
it can be observationally discriminated from a NS remnant. If a NS postmerger remnant
forms, it produces strong GW emission in the frequency range between 2 and 4 kHz.
In contrast, the gravitational radiation of a promptly forming black hole is significantly
weaker and peaks at higher frequencies [111, 150]. The GW emission of a NS remnant
is the strongest during the first milliseconds after merging such that also remnants with
short lifetimes produce significant emission and can be distinguished from a prompt
collapse. In [130] it has been shown that GW data analysis based on an unmodeled
search can discriminate a prompt collapse from a delayed collapse. Moreover, the
collapse behavior has a crucial impact on the amount of dynamical ejecta. A prompt
collapse event produces significantly less ejecta (see Fig. 7 in [148]) and therefore leads
to a dimmer electromagnetic counterpart [148, 151]. We recall that the GW inspiral
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Figure 11. Left panel: Ratio k between the binary threshold mass for prompt black-
hole formation and the maximum mass Mmax of nonrotating NSs as function of the
compactness Cmax =
GMmax
c2 Rmax
of the maximum-mass configuration of nonrotating NSs
(crosses). Circles display k as function of C∗1.6 = GMmax/c
2R1.6. Figure from [153].
Right panel: Ratio k computed from a semi-analytic model (see text) as function of
the compactness Cmax (crosses). The solid line is a least-square fit to the data from
dynamical merger simulations displayed by crosses in the left panel. The dashed curves
indicate the deviations of the simulation data from the fit. Figure taken [154].
signal reveals the binary masses and the distance to the source with a certain accuracy.
13. Binary threshold mass for prompt black-hole formation
It is intuitively clear and confirmed by simulations that a direct black-hole collapse
occurs for higher binary masses while mergers with smaller total binary masses lead
to NS remnants. Hence, there exists a threshold binary mass Mthres that distinguishes
the prompt gravitational collapse and the formation of a NS remnant. Since binary
masses are measurable from the GW inspiral signal, the threshold binary mass can be
determined through the different observational signatures of the merger outcomes as
sketched above. Moreover, it is clear that Mthres depends sensitively on the assumed
EoS of NS matter, in the same way that the stability of nonrotating NS is sensitive
to the EoS. [110, 152, 153]. Understanding the EoS dependence of Mthres is the main
purpose of the studies summarized in this section. A measurement of Mthres may in turn
reveal unknown properties of the high-density EoS.
The threshold binary mass is determined by a large set of simulations for different
candidate EoSs. For a given EoS, simulations are performed for different total binary
masses and the corresponding Mthres is found by checking the outcome of the different
computations. The highest Mtot leading to a NS remnant and the lowest Mtot resulting
in a prompt collapse determine Mthres with an accuracy that is given by the chosen
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sampling in the Mtot space. In [153] we focus on equal-mass mergers and compute the
threshold binary mass for a set of 12 representative EoSs with an accuracy of ±0.05 M
(see Tab. 1 therein). Additional simulations for selected EoSs show that asymmetric
binary systems lead to the same threshold mass if the mass ratio is not too extreme.
Similarly to the approach in Sec. 4, we investigate the EoS dependence by searching
empirical relations between the observable quantity, here Mthres, and stellar properties
of nonrotating NSs as characteristics of the given EoSs. It is convenient to introduce
the ratio k = Mthres/Mmax, which quantifies the fraction of the maximum mass of
nonrotating NSs that can be supported against the gravitational collapse in a hot,
rotating merger remnant by the stabilizing effects of rotation and thermal pressure.
Figure 11 (left panel) shows a clear relation between k and the maximum
compactness of nonrotating NSs being defined by Cmax =
GMmax
c2Rmax
(crosses). The relation
can be well expressed by a linear function and implies that Mthres depends on two EoS
parameters namely Mmax and Rmax. The ratio Mthres/Mmax can be similarly described
by a quantity C∗1.6 =
GMmax
c2R1.6
, which does not have a direct physical meaning but which
does involve the radius R1.6 of a nonrotating NS with 1.6 M (circles in Fig. 11). As
described in Sec. 4, R1.6 can be accurately measured for instance by postmerger GW
emission from 1.35-1.35 M binaries. If R1.6 was measured sufficiently well, k and thus
Mthres depend on Mmax only. A measurement of Mthres or a constraint on this quantity
can then be employed to determine the unknown maximum mass Mmax of nonrotating
NSs.
The threshold binary mass Mthres can be measured or at least constrained by
observing several NS mergers, whose binary masses are inferred from the GW inspiral
signal and whose merger outcome can be assessed through either the detection of
postmerger GW emission or through the properties of the electromagnetic counterpart.
Determining Mmax is particularly interesting because this quantity depends on the very
high-density regime which may not be directly accessible by other measurements or
observations of NSs in the canonical mass range around 1.4 M [49]. We stress that
already a single detection of an event with clear indications of a prompt collapse could
yield an upper limit on Mmax even if R1.6 is not yet well constrained [67, 153]. An
observational upper limit on Mmax may be difficult to obtain otherwise, as for instance
any pulsar observation in double NS systems can only provide a lower bound on Mmax.
In this context, we refer to some recent studies in connection with GW170817 or short
gamma-ray burst observations, which consider the stability of a potential uniformly
rotating late-time remnant to place constraints on Mmax e.g. [155–161]. We remark that
these conclusions rely on certain interpretations of the electromagnetic emission and on
further assumptions about the properties of the late-time remnant, which are hard to
check within models.
In Sec. 4. we already described that the dominant postmerger GW frequency f threspeak
of a system with a binary mass Mstab (so slightly below Mthres), scales tightly with the
radius Rmax of the maximum-mass configuration of nonrotating NSs. Similarly, f
thres
peak
correlates with the maximum density of nonrotating NSs, as was found in [153] and
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[96]. This stresses the importance of measuring f threspeak and Mthres. We recall here the
main idea of [96] namely that Mstab (or equivalently Mthres
+) and f threspeak can be estimated
through an extrapolation procedure from at least two measurements of the dominant
postmerger GW frequency of events with lower and distinct total binary masses, which
are within the most likely range of Mtot (see Fig. 6). A determination or estimate of
Mthres and fthres will provide valuable insights into the properties of the EoS at very
high densities.
14. Semi-analytic model
The ideas to constrain properties of high-density matter as laid out in this review rely
on empirical relations between observables, e.g. GW frequencies, and characteristic
quantities of the EoS, usually stellar properties of nonrotating NSs. Many of these
empirical relations are intuitive and in this sense expected and understandable, e.g. the
dependence of the dominant postmerger GW frequency on NS radii. Other relations
may be less obvious and may be seen as a mere outcome of simulations. In principle,
selection effects could be introduced by the methodology of the simulation tool or the
choice of candidate EoSs. It is therefore important to corroborate the existence of the
respective scalings. One of the important, but less intuitive, relations is the dependence
of k = Mthres/Mmax on Cmax as shown in the left panel of Fig. 11 (but see [153] for a
simplistic model assuming polytropic EoSs and Newtonian physics).
We therefore developed a semi-analytic model, which confirms the robustness of the
relation shown in Fig. 11. The study still adopts certain simplifications, but is largely
independent from hydrodynamical simulations and considers a large class of EoSs. In
[154] we construct relativistic stellar equilibrium configurations of differentially rotating
NSs with a prescribed rotation, law using the publicly available RNS code [162]. A
merger remnant is modeled by an equilibrium configuration, with the corresponding
mass and angular momentum. By analyzing sequences of models, one can determine
the maximum mass for a given amount of angular momentum. This can be compared
to the available angular momentum in a merger remnant of a given total binary mass,
which is a very robust result from simulations. Specificallly, for each EoS we find a
linear empirical relation of the form [154]
Jmerger ' aMtot − b (3)
for the angular momentum in the remnant Jmerger as a function of the total mass Mtot.
For example, a = 4.041 and b = 4.658 for the DD2 EoS.
The comparison reveals whether a merger remnant of a given mass possessed
sufficient angular momentum to be stable against a gravitational collapse. Within this
simplified, but semi-analytic, model one can compute a theoretical threshold binary mass
for a given EoS. In the right panel of Fig. 11 this estimated threshold mass (crosses)
is compared to the threshold binary mass, which is determined from hydrodynamical
+ Note the slightly different nomenclature concerning Mthres and fthres in [153] and [96].
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simulations (solid line shows a least-squares fit to the results from simulations, i.e. the
data in the left panel of Fig. 11). The theoretical estimate of Mthres agrees to within
3-7 per cent with the true threshold mass. In Fig. 11 (right panel) one recognizes
a slight underestimation, but the same qualitative behavior, which strongly supports
the existence of a tight relation between k = Mthres/Mmax and Cmax. A perfect
quantitative agreement may not be expected, because the semi-analytic model adopts
zero-temperature EoSs and an ad-hoc choice of the rotation law, apart from other
assumptions, for instance that the dynamical, early merger phase can be at all described
by equilibrium models (see [154] for details).
15. Neutron star radius constraints from GW170817
The corroboration of the particular EoS dependence of Mthres, as displayed in Fig. 11,
is finally important for a first direct application of these relations in connection with
GW170817, in order to constrain NS radii [163]. A least square fit to the relation
between k = Mthres/Mmax and Cmax =
GMmax
c2Rmax
(Fig. 11) yields
Mthres =
(
−3.38GMmax
c2Rmax
+ 2.43
)
Mmax. (4)
Moreover, Mmax and Rmax are not completely uncorrelated. Causality requires Mmax ≤
1
2.823
c2Rmax
G
because the speed of sound is limited by the speed of light, which implies
that an EoS cannot become arbitrarily stiff (see [43, 164] for more details). Inserting
this requirement in Eq. (4) results in the constraint
Mthres ≤
(
−3.38 1
2.823
+ 2.43
)
1
2.823
c2Rmax
G
= 0.436
c2Rmax
G
. (5)
Hence, a given measurement or estimate of Mthres sets a lower bound on Rmax.
The total binary mass measured in GW170817 was originally reported as
2.74+0.04−0.01 M in [1]
∗. The ejecta mass in this event has been estimated from the
properties of the electromagnetic counterpart to be in the range of 0.03 to 0.05 M
[6–16]. Although these ejecta mass estimates involve some uncertainties, the amount
of unbound matter in GW170817 is certainly at the high end of what is expected from
numerical merger simulations for any EoS. Based on this observation, we argued in [163]
that the high ejecta mass in GW170817 strongly suggests that the merger did not result
in a prompt collapse, because direct black-hole formation implies significantly reduced
mass ejection (see e.g. Fig. 7 in [148]). If this hypothesis is correct, the measured total
binary mass of GW170817 is smaller than the threshold binary mass Mthres for prompt
black-hole formation and thus Mthres ≥ 2.74+0.04−0.01 M. Using this condition in Eq. (5)
results in a lower limit on Rmax.
These arguments are visualized in Fig. 12, which shows Mthres (solid lines) as
function of Mmax for different fixed radii Rmax. The dark blue band indicates the
measured binary mass of GW170817. The trueMthres must lie above the lower edge of the
∗ The total binary mass of GW170817 was slightly revised to 2.73+0.04−0.01 M in [20].
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Figure 12. Threshold binary mass Mthres for prompt collapse as a function of Mmax
for different Rmax (solid lines). The dark blue band shows the total binary mass of
GW170817, providing a lower limit on Mthres. The true Mthres must lie within the
light blue areas if GW170817 resulted in a delayed/no collapse. This rules out NSs
with Rmax ≤ 9.26+0.17−0.03 km. Figure from [163].
dark blue band if Mthres ≥ 2.74+0.04−0.01 M. Moreover, causality limits the allowed values
of Mthres and Mmax to the upper left corner of this figure. Small radii are incompatible
with Mthres ≥ 2.74+0.04−0.01 M, because they do not yield sufficiently high threshold masses.
Refining the argumentation the detailed calculation and error analysis in [163] yields
Rmax ≥ 9.60+0.14−0.03 km. Following the same line of arguments, but using the relation
k = k(Mmax/R1.6) (circles in Fig. 11), which equivalently describes Mthres as function of
Mmax and R1.6, provides a lower limit on the radius R1.6 of a nonrotating NS with 1.6M.
The radius R1.6 has to be larger than 10.68
+0.15
−0.04 km. These NS radius constraints are
displayed in the left panel of Fig. 13 on top of a set of mass-radius relations of EoSs
which are available in the literature (see [91, 148] for an overview of these EoS models).
Our method, which is based on a set of minimal assumption, places an absolute lower
limit to NS radii that clearly rules out very soft nuclear matter (we note that all these
results are derived in the framework of general relativity and different lower limits would
apply in alternative theories of gravity). Ref. [165] follows a very similar idea to find a
lower limit on the tidal deformability of NSs. We also refer to the analysis in [1, 21, 23],
which excludes very stiff EoSs through an upper limit on the tidal deformability, which
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Figure 13. Left panel: Mass-radius relations of different EoSs with very conservative
(red area) and “realistic” (cyan area) constraints derived from the measured total
binary mass of GW170817 under the assumption of no prompt black-hole formation of
the merger remnant (see [163] for details). Horizontal lines display the limit by [167].
The thick dashed line shows the causality limit. Right panel: Mass-radius relations
of different EoSs with hypothetical exclusion regions (purple areas) from a delayed-
collapse event with Mtot = 2.9 M and a prompt-collapse event with Mtot = 3.1 M
employing arguments based on the collapse behavior. Figures from [163].
can be converted to an upper limit of NS radii of about 14 km, e.g. [25, 26]. A more
detailed analysis in [21] arrives at the range 10.5km ≤ R1.4 ≤ 13.3km for the radius of
1.4M neutron stars at a 90% credible level. For additional estimates of NS radii based
on the observation of GW170817, see Table II in [166] and references therein.
Considering the tight scaling of NS radii with the tidal deformability it is
straightforward to convert our radius constraints to limits on the tidal deformability. A
limit of R1.6 > 10.7 km corresponds to a lower bound on the tidal deformability of a
1.4 M NS of about Λ1.4 > 200.
Throughout the derivation we made conservative assumptions and considered the
corresponding error bars, which is why our radius constraint and the equivalent limit on
the tidal deformability are less strong but more robust compared to similar constraints in
the literature [165, 168–171], some of which rely on analogous arguments. We emphasize
that the lower limit on the radius and the tidal deformability cannot be significantly
higher than our bound, since otherwise conflicts with existing literature data arise.
There are for instance simulations for EoSs with only somewhat larger radii and tidal
deformability that do not result in a prompt collapse and would thus presumably lead
to a relatively bright electromagnetic counterpart compatible with GW170817.
We remind that it is precisely the threshold between dim and bright electromagnetic
counterparts that our derivation aims to determine in a conservative way. Hence, the
resulting limits cannot be much different if arguments about the brightness of the
electromagnetic transient are employed.
Although these current radius constraints are not yet very restrictive, we highlight
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two aspects of our new method. First, our method is very robust and conservative.
Apart from the hypothesis of no direct collapse in GW170817, all errors can be quantified
and we make conservative assumptions throughout the analysis. This robustness is
a particular advantage of our constraints. The only required result from simulations
is the particular EoS dependence of Mthres. This theoretical input can be tested by
more elaborated simulations in the future, but it seems unlikely that for instance a
detailed incorporation of neutrinos or magnetic fields can have a significant impact
on the threshold binary mass, which represents a bulk feature of a NS merger. As
described above, the qualitative behavior of the EoS dependence of Mthres has been
confirmed by a robust semi-analytic model. Moreover, the assumption of no prompt
collapse can be verified by more refined merger and emission models in the future. Also,
as more events are observed in the future our understanding of kilonovae will grow and
the interpretation of the emission properties and the underlying merger dynamics will
become more obvious. Second, it is expected that more events similar to GW170817 will
be observed in the near future. We then expect to obtain more stringent constraints on
Mthres in combination with a more robust classification of the collapse behavior through
the electromagnetic counterpart. In particular, it is conceivable that a prompt-collapse
event will set an upper bound on Mthres. This will potentially limit the allowed stellar
parameters to a very small parameter range (see e.g. Figs. 3 to 5 in [163] for hypothetical
future events). An upper limit on the threshold mass constrains the maximum mass
and radii of nonrotating NSs from above. The resulting constraints from hypothetical
future detections are shown in Fig. 13 (right panel).
We stress that apart from its robustness, our method for EoS constraints has the
advantage that it does not require GW detections with high signal-to-noise ratios. In
contrast, direct measurements of EoS effects during the late inspiral phase or in the
postmerger stage both rely on a detection of a very strong signal. It is very likely that
EoS constraints through the collapse behavior will soon provide more detailed insights
into the properties of high-density matter.
The work described in this review highlights several aspects of NS mergers, which
link them to fundamental questions of physics. This includes the formation of r-process
elements and properties of high-density matter. The era of multi-messenger observations
of NS mergers has just begun with the first detection of GWs from a NS coalescence and
accompanying electromagnetic emission. More of such observations can be expected in
the near future. The ideas outlined above have emphasized the scientific value of such
measurements, the interpretation of which, however, critically relies on simulations of
the merger process.
Improvements of the simulation tool will lead to more reliable predictions of the
anticipated GW signals concerning, for instance, the damping of postmerger waveforms.
This is important to advance current GW data analysis methods for the measurement
of postmerger GW features as discussed in Sec. 4 and Sec. 9. Our work focuses on
the three most prominent peaks in the postmerger GW spectrum. It will be useful to
also comprehend the physical mechanisms behind some other secondary features of the
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postmerger phase. Understanding their dependencies on the EoS may reveal further
details of the properties of high-density matter. Such an analysis may be complemented
by theoretical models of the postmerger remnant, which are based on perturbative
calculations that are successfully applied to oscillations of isolated NSs.
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